In humans, fetal ethanol exposure is highly predictive of adolescent ethanol use and abuse. Prior work in our labs indicated that fetal ethanol exposure results in stimulus-induced chemosensory plasticity in the taste and olfactory systems of adolescent rats. In particular, we found that increased ethanol acceptability could be attributed, in part, to an attenuated aversion to ethanol's aversive odor and quinine-like bitter taste quality. Here, we asked whether fetal ethanol exposure also alters the oral trigeminal response of adolescent rats to ethanol. We focused on two excitatory ligand-gated ion channels, TrpV1 and TrpA1, which are expressed in oral trigeminal neurons and mediate the aversive orosensory response to many chemical irritants. To target TrpV1, we used capsaicin, and to target TrpA1, we used allyl isothiocyanate (or mustard oil). We assessed the aversive oral effects of ethanol, together with capsaicin and mustard oil, by measuring short-term licking responses to a range of concentrations of each chemical. Experimental rats were exposed in utero by administering ethanol to dams through a liquid diet. Control rats had ad libitum access to an iso-caloric iso-nutritive liquid diet. We found that fetal ethanol exposure attenuated the oral aversiveness of ethanol and capsaicin, but not mustard oil, in adolescent rats. Moreover, the increased acceptability of ethanol was directly related to the reduced aversiveness of the TrpV1-mediated orosensory input. We propose that fetal ethanol exposure increases ethanol avidity not only by making ethanol smell and taste better, but also by attenuating ethanol's capsaicin-like burning sensations.
Introduction
Fetal ethanol exposure is highly predictive of adolescent ethanol use and abuse in humans. 1 Animal studies indicate that this effect is mediated in part by an experience-induced change in chemosensory responsiveness to ethanol. For instance, we reported that fetal ethanol exposure increases the acceptability of ethanol to adolescent rats. 2, 3 We were able to attribute 51.3% of the increase in ethanol acceptability to an exposure-induced reduction in its aversive taste and odor. Here, we asked whether fetal ethanol exposure also reduces the aversive burning sensations that ethanol produces in the oral cavity. 4 Ethanol is thought to produce these sensations by diffusing into the oral epithelium and stimulating the distal dendritic portions (free nerve endings) of trigeminal sensory neurons in the lingual nerve. 5 -7 It activates the free nerve endings by interacting with the transient receptor-potential vanilloid receptor-1 (TrpV1) 8, 9 but not TrpA1. 10 There are several ways that the developing trigeminal system of embryonic rats could encounter maternally ingested ethanol. Because maternally ingested ethanol contaminates the fetal blood, 11 it would effectively bathe the developing trigeminal system. In addition, because ingested ethanol contaminates the amniotic fluid, 12 rat embryos would encounter ethanol as they swallowed amniotic fluid. 13 This direct orosensory exposure to ethanol would be most significant during the final four days of pregnancy, when the developing trigeminal sensory fibers have fully penetrated the lingual epithelium. 14 We asked whether fetal ethanol exposure enhances ethanol acceptability by attenuating the aversive trigeminal oral stimulation that it produces. To examine the specific contribution of trigeminal stimulation, independent of ethanol, we tested selective ligands of the TrpV1 (capsaicin) 8 or TrpA1 (allyl-isothiocyanate or mustard oil) 15, 16 channels. Although there are reports of mustard oil activating TrpV1, 17 -19 the relevance of these observations to ingestive behavior is unclear given that genetic ablation of TrpV1 has no impact on the oral acceptability of mustard oil during one-hour intake tests in mice. 18 Although some trigeminal C-fibers express TrpV1 alone, most co-express TrpV1 and TrpA1. 20, 21 In support of this observation, human and rat studies have demonstrated that desensitizing the behavioral or physiological responses to capsaicin generalizes to mustard oil and vice versa. 22, 23 Furthermore, many mouse trigeminal neurons respond to both capsaicin and mustard oil. 24 On the basis of this prior body of work, we hypothesized that fetal ethanol exposure should increase the orosensory acceptability of capsaicin and mustard oil (surrogates for oral irritation), and that these effects should contribute to enhanced ethanol acceptance.
Methods

Experimental treatment of pregnant dams
On gestational day 5 (G5), female Long-Evans rats (Harlan -Sprague Dawley, Indianapolis, IN, USA) were divided into blocks of two weight-matched dams, and randomly assigned to either the ethanol or control group. Following established protocols, ethanol dams were administered an ad libitum liquid diet (L10251; Research Diets, New Brunswick, NJ, USA) that provided them with 35% of their daily calories coming from ethanol during G11 -G20. 2, 3, 18 Dams were weaned onto the diet from G6 to G10. Peak blood alcohol levels reached approximately 150 mg/dL. 2, 25 This approach yields a relatively consistent level of exposure, and should simulate moderate ethanol intake during the development of the trigeminal sensory system; the trigeminal fibers actually penetrate the lingual epithelium on G18. 14 Dams in the control group were provided ad libitum access to an iso-nutritive liquid diet supplemented with maltose/dextrin, which provided equivalent caloric content as the ethanol diet (L10252; Research Diets). In this study, we limited our control treatment to ad libitum fed dams, as previous work has shown no difference in the olfactory, orosensory or ethanol intake responses of progeny derived from pair-fed and free-choice access animals (e.g. refs. 2, 3 ). Rat pups were weaned on postnatal day (P) 21 and transported on P24 from SUNY Upstate to Barnard College for later behavioral testing. Protocols were approved by the Institutional Animal Care and Use Committees at both institutions.
Test animals
We ran a total of 24 rats from the ethanol-exposed group and 24 from the control group through short-term lick tests. In all cases, we used balanced sex ratios. All rats were initially subjected to lick testing as adolescents, and a subset of rats (n ¼ 12/maternal diet treatment) were tested a second time as adults. Adolescent rats were tested because this is the earliest age readily amenable to lickometer testing and because fetal ethanol exposure has consistently been shown to enhance ethanol intake in adolescent rats. 26, 27 The rats were retested as adults to determine whether any effect of maternal diet treatment persisted into adulthood.
Chemical stimuli
We examined licking responses to a range of concentrations of ethanol (0.5, 3, 6, 9 and 18% v/v), capsaicin (0.1, 0.3, 1, 3 and 10 mmol/L) and mustard oil (0.1, 0.3, 1, 3 and 10 mmol/L). Although the ethanol and mustard oil could be dissolved in deionized water, the capsaicin could not. Thus, we dissolved the capsaicin in pure dimethylsulfoxide (DMSO), and then diluted it with deionized water to create a stock solution of 10 mmol/L capsaicin in 0.1% DMSO. This stock solution was subsequently diluted with a 0.1% DMSO solution to the concentrations indicated above. The 'water' stimulus in the capsaicin tests also contained 0.1% DMSO. All chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA).
Assessment of orosensory response
To assess orosensory responsiveness, we measured lick responses during repeated 10-s trials. 3, 28 We used a computer-controlled gustometer that presented individual chemical stimuli according to a predetermined schedule, and recorded licking responses (Davis MS160; DiLog Instruments, Tallahassee, FL, USA). To motivate rats to lick from the sipper tube during the training and test sessions, they were water-deprived for 22.5 h before training. After each session, rats were returned to their home cage, given one hour of ad libitum access to water, and waterdeprived for another 22.5 h (assuming testing or training occurred on the following day).
Each adolescent rat was subjected to three days of training in the gustometer, starting on P27; the adult rats were subjected to an additional three days of training, starting on P86. Each training session lasted 30 min. On training day 1, the rat was permitted to drink water freely from a single stationary spout for 30 min. On training days 2 and 3, the rats received more limited access to the sipper tubes -that is, the shutter was opened, and a trial lasting 10 s was initiated once the rat took its first lick. At the end of a trial, the shutter was closed for 7.5 s (during which time a different sipper tube containing water was positioned in the center of the slot) and then reopened, enabling the rat to initiate another trial of the same duration. In this manner, the rat could initiate up to 102 trials during a 30-min test session.
Once training was complete, the rats were subjected to three consecutive days of testing, starting on P31 -32 for adolescents and P90 for adults. During each 30-min test session, a rat was offered six sipper tubes, each separately. One sipper tube contained water and the other sipper tubes contained different concentrations of a chemical stimulus (e.g. ethanol; see above for details). For each chemical stimulus, the order of presentation of the water and five stimulus concentrations was randomized without replacement in blocks so that every concentration and water was presented once before the initiation of a second block. For all rats, ethanol was tested on day 1, capsaicin on day 2 and mustard oil on day 3. For testing, we used the same waterdeprivation and testing procedures as described above for training days 2 and 3.
Data analysis
We converted all licking responses to a lick ratio (i.e. the mean number of licks/trial for each taste stimulus concentration divided by the mean number of licks/trial for water alone). Use of this ratio enabled us to control for individual differences in local lick rate and motivational state.
For each chemical and age group, we examined the effect of maternal diet treatment (a between factor) and concentration (a within factor) on the lick ratio, using a mixedmodel analysis of variance (ANOVA; a level ¼ 0.05). We pooled data across gender because two-way ANOVAs revealed no main effect of gender or interaction of genderÂ concentration on lick ratios for each of the chemical stimuli, irrespective of maternal diet treatment (all cases, P . 0.05). To examine significant main effects or interactions between maternal diet treatment and concentration, we ran unpaired t-tests at selected concentrations across maternal diet treatments.
Results
The adolescent rats exhibited robust effects of maternal diet on lick ratios (Figure 1 , top row of panels). In keeping with our prior ethanol observations, 3 the main effects of maternal diet (F 1,184 ¼ 14.5; P , 0.0002) and concentration (F 4,184 ¼ 131.6; P , 0.0001), and the interaction of maternal diet Â concentration (F 4,184 ¼ 3.1; P , 0.02) were all significant. The interaction reflected a significantly higher lick ratio at the 6% and 9% concentrations of ethanol for ethanolexposed rats (both t-values . 3.9, df ¼ 46, P , 0.0003). Likewise, for capsaicin, the main effects of maternal diet (F 1,184 ¼ 5.9; P , 0.02) and concentration (F 4,184 ¼ 82.3; P , 0.0001) were significant, but the interaction of maternal diet Â concentration (F 4,184 ¼ 0.5; P . 0.7) was not. The lick ratio was significantly higher at the 1 mmol/L concentration of capsaicin for ethanol-exposed rats (t ¼ 2.6, df ¼ 46, P , 0.012). In contrast, for mustard oil, the main effect of concentration (F 4,184 ¼ 77.3; P , 0.0001) was significant, but the main effect of maternal diet (F 1,184 ¼ 0.1; P . 0.7) and the interaction of maternal diet Â concentration (F 4,184 ¼ 0.6; P . 0.6) were not significant.
The effects of maternal diet on the orosensory acceptability of ethanol and capsaicin did not persist into adulthood (Figure 1 , bottom row of panels). For the adult rats, there was a significant main effect of concentration on the lick ratios for ethanol, capsaicin and mustard oil (in all cases, P , 0.0001), but there was no significant main effect of maternal diet (in all cases, P . 0.2) or interaction of maternal diet Â concentration (in all cases, P . 0.4). Thus, although ethanol, capsaicin and mustard oil all elicited concentration-dependent decreases in lick ratio in the adult rats, the fetal exposure effects noted in adolescence had ameliorated by adulthood.
Using a previously established approach, 2,3 we asked whether the reduced aversion to oral irritation (represented by capsaicin) contributed directly to the reduced aversion to ethanol in adolescent rats. To this end, we focused on the lick values that fell along the dynamic range of the prenatal effect (i.e. 3% and 6% ethanol, and 1, 3 and 10 mmol/L capsaicin). Of note, 3% and 6% ethanol captured the range of ethanol concentrations that are most preferred by adolescent rats with fetal ethanol exposure. 29 Using these values, we constructed two univariate composite stimulus response indexes that represented each rat's licking response to ethanol and capsaicin, respectively. For each chemical stimulus, we performed a multivariate regression analysis with the stimulus-induced lick response measures as the dependent variables and maternal treatment as the independent variable. This approach provided estimates of the coefficients for each concentration of chemical stimulus in the separate regression analyses. The composite index value for each animal was the linear summation of the constant from the appropriate regression analysis and the respective lick ratio value at each of the relevant concentrations (i.e. 3% and 6% for ethanol, and 1, 3 and 10 mmol/L for capsaicin) of stimulus multiplied by the appropriate estimated coefficient.
To estimate the ability of the capsaicin response index to predict changes in the ethanol response index, we performed an analysis of co-variance. In this analysis, the slope, b, was the coefficient of X in the regression of Y (the ethanol responses of the two maternal treatment groups) on X (the capsaicin behavioral responses of the same animals). The results demonstrated a significant slope (F 1,46 ¼ 4.98; P ¼ 0.03) in which the estimate of b was 0.459 (Figure 2a ). Thus, a linear predictive relationship exists between the effect of fetal ethanol exposure on the responsiveness to oral irritation (as assessed with capsaicin) and ethanol.
To determine whether the effect of fetal ethanol exposure on ethanol acceptance was attributable (at least in part) to a change in responsiveness to the TrpV1-mediated ethanol effects, we could not rely on the predictive relationship illustrated in Figure 2a . Rather, we had to incorporate the difference in the capsaicin orosensory response index between the ethanol-exposed and control rats (i.e. strength of the maternal treatment effect). To this end, we multiplied the slope of the predictive relationship in Figure 2a times the difference in the capsaicin orosensory response index between ethanol-exposed and control rats. This revealed that a significant proportion of the net differential response to ethanol was attributable to an effect of fetal ethanol exposure on the TrpV1-mediated ethanol effects (two-tailed:
The full height of the column in Figure 2b indicates the total estimated effect of fetal ethanol exposure on the ethanol response index of control versus ethanol-exposed rats (i.e. mean + SEM: 0.286 + 0.07). This is the net total effect of maternal ethanol exposure on ethanol orosensory acceptability. The filled portion of the column shows the product value from the analysis described above. To calculate the filled portion of the bar, we multiplied the difference in capsaicin response indices between control (m X1 ¼ 0.557) and ethanol-exposed (m X2 ¼ 0.424) rats times the slope (b ¼ 0.459) of the predictive relationship, yielding 0.06. This value represents the partial effect of prenatal exposure on the net ethanol acceptability that is attributable to a decreased aversion to the TrpV1-mediated response. The ratio of these two estimates indicates that $21% of the total effect of fetal ethanol exposure on ethanol acceptability was mediated by a reduced aversion to the TrpV1-mediated component of the sensory response.
Discussion
Oral chemosensation is known to play a central role in controlling ethanol intake. 30 Accordingly, we hypothesized that the effects of fetal ethanol exposure on ethanol intake are mediated, in part, by changes in the quality components of ethanol. In a prior study, 3 we demonstrated that a reduced aversion to the bitter taste and odor qualities of ethanol could account for 51% of the effect of fetal ethanol exposure on oral acceptability of ethanol (29% bitter taste and 22% olfaction) in adolescent rats. Here, we report that a reduced aversion to TrpV1-mediated input from ethanol accounted for an additional 21% of the fetal exposure effect on ethanol acceptability. These findings indicate that fetal ethanol exposure not only makes ethanol smell and taste better, but it also attenuates its capsaicin-like burning sensations. The fact that we cannot explain 28% of the fetal exposure effect on ethanol acceptability indicates that we have not yet captured the totality of the component sensory qualities of ethanol.
We predicted that fetal ethanol exposure would increase the orosensory acceptability of ethanol, capsaicin and mustard oil. We based this prediction on the observations (a) that most chemically responsive C-fibers in the oral cavity co-express TrpV1 and TrpA1 20,21 and respond to both capsaicin and mustard oil; 24 and (b) that behavioral and physiological responses to capsaicin generalize to mustard oil and vice versa. 22, 23 However, our results contradicted this prediction, and instead indicate the effect of fetal ethanol exposure was not mediated by generalized desensitization of the C-fibers expressing TrpV1 and TrpA1. We propose, instead, that the presence of ethanol in the blood and/or oral cavity during embryonic development caused a selective down-regulation in expression of the TrpV1 receptors in the oral trigeminal C-fibers through Figure 1 Oral acceptability of a range of concentrations of ethanol, capsaicin and mustard oil to ethanol-exposed and control rats. We show results from both adolescent (top row of panels) and adult (bottom row of panels) rats. We represent oral acceptability as lick ratios (mean + SEM). A lick ratio of 1.0 occurs when licks to the taste stimulus equaled licks to water. Lick ratios less than 1.0 indicate that the chemical stimulus inhibited licking. We compared the lick ratios across maternal diet treatment at selected concentrations with unpaired t-tests; we indicate significant differences with an asterisk (see text for details) Figure 2 Demonstration that attenuated licking response of adolescent rats to 3% and 6% ethanol can be attributed to the increased acceptability of the capsaicin-like oral irritation that it produces. (a) Estimated slope of the predictive relationship between the rats' orosensory response index to capsaicin (a surrogate for ethanol's oral irritation) and the same rats' response index to ethanol. The slope is shown relative to the mean (+2-dimensional standard errors) location of each maternal treatment group. (b) Full height of the column represents the net difference in the ethanol response index between ethanol-exposed and control animals. The lower section of the column (solid black) represents the amount of the difference attributable to TrpV1-mediated oral irritation by ethanol. We show mean + SEM adolescence. In support of this proposition, there is evidence that TrpV1 expression in oral trigeminal fibers is subject to modulation. 31 -33 Given that the exposure-induced change in capsaicin responsiveness failed to persist into adulthood, it follows that the effect on fetal ethanol exposure on TrpV1 expression is transient.
Irrespective of the underlying mechanisms, our findings provide further evidence for epigenetic chemosensory processes by which maternal patterns of drug use can be transferred to offspring. It is important to note that such findings have broad implications for the relationship between maternal drug use, early development and postnatal vulnerability for developing patterns of use and abuse.
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